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1. | NTRODUCTI ON

NASA' s Deep Space Network (DSN) Technol ogy Program at. the Jet Ppropulsion
Laboratory (JPL) is evaluating the use of the Ka-band frequency allocation
band (31.8 GHz to 32.3 GHz) for deep space to earth tel ecomrmuni cations. During
the early years of deep space missions, from 1959 through 1964, 960 MHz was
the frequency used for deep space to earth tel ecomruni cations. S-band (2290
MHz to 2300 MHz) was used as the primary link frequency band from 1965 to
1977. X-band (84ClO MHz to 8450 MHz) became the principal operational deep
space to earth link frequency band in 1977, beginning with the Voyagers, and
continuing to the present tine (Ref. 1).

Ka-band provides an advantage 11.6 dB (ratio of 14.5) over X-band in the
effective isotropic radi ated power (EIRP) transnitted froma spacecraft with
the sanme transmtter output power |level and the sane antenna size. The
advant age cones fromthe increased antenna gain and narrower beamw dth that
occurs due to the shorter wavelength. The higher Ka-band EIRP can be used to
allow for a higher data rate which allows for increased data volume or
decreased transmi.ssion tine. The Ka-band advantage can also be used to
mai ntain the sane data rate used at X-hand, while decreasing the spacecraft
transmtter power, antenna size, or to allow for the use of snaller dianeter
recei ving antennas. The Ka-band |ink advantage over X-band is reduced fromthe
i deal EIRP advantage of 11.6 dB to a net |ink advantage of 6 dB to 8 dB by
at nospheric loss and noise that are higher than at X-band and DSN antenna
efficiency that is lower than at X-band. |Increased weather susceptibility at
Ka-band nust also be taken into consideration.

A tel econmuni cations deep space Ka-Band Link Experiment (kaBLE) was
conducted to confirm and refine the study results, and to help understand any
obstacles that might affect the use of Ka-band. KaBLE was part of the Mars
Observer (MO) nission. The signals emtted by MO were tracked by the pDsN’s
Research and Devel opnent (R&D) 34-neter beam-waveguide (BWG) antenna at
DSS-13, located in the DSN S Goldstone Conplex in California. pss-13 tracked
t he Ka-band signal at 33.7 GHz and the X-band signal at 8.42 GHz to conpare
the performance of the two |inks between January and August, 1993. The | oss
of MO in 1993 caused a change in plans for the continuation of the conmparative
study .

The Ka-band Antenna Perfornmance Experinent Project (KaaP) was initiated
in Decenber 1993 to evaluate antenna efficiency by observing natural radio
sources at both X-band and KkKa-band. The observations allow the antenna
efficiency and weather effects at each frequency band to be neasured as
performance inprovements and configuration changes are nmade at the ground
station. DSS-13‘s performance at Ka-band and X-band are quantified using the
antenna efficiency data and system operating noise tenperature (Top) data from
bot h bands.

Knowl edge quantifying the tenporal variability of the Ka~band |ink
performance due to weather effects can help planners of future flight projects
devel op operational strategies for the use of Ka-band that are robust,
efficient and optimal. Two spacecraft with Ka-band transnmitters are expected
to be enployed in the continuation of the Ka-band and X-band |ink studies.
SURFSAT-1, |launched on Novenber 4, 1995, is a DSN Technol ogy Program
earth-orbiting flight experinent. SURFSAT-1 Ka-band and X-band data are
currently being acquired and analyzed for the purpose of characterizing the
link advantage. Mars d obal Surveyor (MGS), scheduled for |aunch in Novenber
1996, will carry KaBLE-1I, another DSN Technol ogy Program experi nent.

Thi s paper addresses the three current Ka-band and X-band activities,
1) KaAP, 2) SURFSAT-1, and 3) KaBLE-II‘s upcomi ng Ka-band experinents aboard
Mars d obal Surveyor.



2. KaAP: OBSERVATI ONS USI NG NATURAL RADI O SOURCES

This section addresses the analysis of KaAP antenna efficiency
measurements acquired at Dpss-13. For detailed descriptions of the ground
station and antenna configuration, the measurenment technique, and the nodeling
used in the data processing, the reader is referred to Ref. 2. The radiation
fromnatural wideband-noise radi o sources incident on psSsS-13‘s main reflector,
subreflector and beam wavegui de mirrors is channeled into a subterranean
pedestal room to two feed-horn/low noise-anplifier (LNA) packages, one at
8. 425-GHz ( X- band) and one at 32.0-GHz (Ka-band). The signals are
downconverted, filtered, and recorded for |ater processing.

The observations of the radio sources at Ka-band and X-band are
processed and converted into estinmates of the antenna efficiency at each
frequency. Each pass or experiment consists of a series of radio source
observations distributed over different parts of the sky over a w de el evation
angle range. There are typically one to two tracks per month, with each
lasting 8 to 24 hours in duration. Each track consists of 1) a series of
boresi ght observations of different radio sources, 2) a series of radioneter
calibrations, and 3) tipping curves used to estimte the effect of the
at nosphere. The boresight observations alternate with the calibrations during
the nmain body of the pass, with tipping curves usually perforned at the start
or end of the pass.

The boresight observations are conducted to eval uate antenna efficiency.
Each boresight observation of a radio source involves stepping the antenna
beam across the source while taking |op neasurenents using a Total Power
Radi oneter (TPR). The peak noise tenperature due to the source is estimated
froma fit of a linearized Gaussi an beam nodel over the Top neasurenments in
two orthogonal directions across the radio source. The peak source noise
tenperatures are converted into estimtes of antenna efficiency using the
radi o source’'s flux density, and correction for the angular flux distribution
over the antenna beam atnospheric attenuation (to refer the neasurements to
zero at nosphere), and any system non-linearity which may be present.

The radioneter calibrations are routinely conducted to correct for gain
changes, and allow any system non-linearity (typically less than 0.5% to be

determ ned (Ref. 3). ) ) )
The tip curve observations are performed to determine 1) the atnospheric

loss factor used to refer the antenna efficiency neasurenents to =zero
atnosphere, and 2) the atnospheric noise tenperature used for statistical
cross-conpari sons with independent Water Vapor Radioneter (wvr) and surface
nodel estimates. Each 30-minute tip curve consists of a set of cold-sky Top
measurenents at el evation angl es which span from near horizon to zenith.

Since the KaAP data acquisition began in Decenber 1993 after the end of
the KaBLE experinment, the neasurenents were acquired on a routine basis. Each
time a configuration change was inplenented, the performance determned from
the new set of measurenents was conpared with that of the previous
confi gurati on.

The antenna efficiency neasurenments gathered from different radio
sources, and different observing sessions for a given frequency band, and
station configuration are conbined into a comopn data set. An antenna
efficiency versus elevation angle curve is |east-squares fit to the data using
a 2nd-degree polynom al nodel. Fig. 1 displays the neasured efficiencies,
estimates of error bars, and the best-fit polynomal curves versus elevation
angle for X-band and K_-band data acquired from February to Novenber 1995.

The nmeasured Xx-band peak antenna efficiency is 71.1% at 37 deg
el evation. The rms error of the X-band data points about the best-fit curve
is 0.9% over 77 observations. The neasured Ka-band peak antenna efficiency is
57.1% at 40.8 deg elevation. The rns error of the Ka-band data about the best-
fit curve is 1.9% over 444 observations. The neasured peak efficiencies are
in agreement wth predicted values based on estinmates of individual
contributors (Ref. 2).

Most anomal ous Ka-band data points were automatically renmoved from the
data set when the boresight derived pointing corrections exceeded a set 2
millideg tolerance. The renmining anonal ous data points were found to be
correlated during periods when 1) the neasured wi nd speeds exceeded 20 nmph and
the antenna was pointed directly into the direction of the oncoming w nd, 2)
the wind speed exceeded 30 nph, 3) significant gain fluctuations occurred, or
4) especially turbulent weather conditions occurred, thus degrading the
boresi ght techni que. These points were subsequently renoved fromthe data set.




The rns scatter of the data about the fitted polynom al curves (Fig. 1)
provides a measure of the noise in the data. The major contributors to this
scatter are radiometer gain instability, atnospheric noise variations, and
error in determnation of the atnospheric loss factors used to refer the
measurements to zero atnosphere. Errors due to misprinting are estinated to
be snall and are bel ow 0.5%

Absolute errors due to uncertainty in the flux densities of the radio
sources are about 3%

The antenna gain (estimated from the antenna efficiencies) divided by
system operating noise tenperature, G T, figure-of-nerit, characterizes the
ground station contribution used in fink studies by spacecraft mssion
planners. Fig. 2 displays the GT_ estimated from the data at both
frequencies. The relative link advantgge of K,-band over X-band plotted in
Fig. 3 is the K-band G T data point in Fig. 2 difference fromthe fit val ue
over the X-band data points. A 7to 9 dB advantage of K _-band relative to X-
band is apparent upon inspection of Fig. 3. However, if both K -band and X-
band G T, neasurenents are adjusted for projected noise tenperatures of
improved Puture LNA‘s, the resulting Iink advantage will lie between 6 to 8
dB .
Al'so shown in Figs. 2-3 are the 10% 50% and 90?. weather curves derived
from i ndependent Water Vapor Radi ometer (WVR) statistics (Ref. 4). Because of
the small spread between these curves at X-band, only one curve is shown in
Fig. 2 for X-band. Upon a close exanination of the distribution of data points
about these curves, it is apparent that 1) there are |less data acquired during
turbul ent weather conditions due to the boresight technique breaking down
under these conditions, and 2) the nunber of observations which |lie above the
10% curve is higher than expected (23%. This is partially due to the
selection effect noted in (I). After making a correction for this effect, the

resulting 16%is still high but consistent with the known absol ute uncertainty
of the data. As more data are gathered, inproved understanding of atnospheric
effects at Ka-band will result fromthis effort.

3. OBSERVATI ONS USI NG SPACECRAFT SI GNALS: SURFSAT-1

The sSURFSAT-1 project was originally conceived in December 1986 as a
very sinple inexpensive experinment package carried as a secondary payload
aboard a Delta Il rocket. A mmjor programmatic objective of SURFSAT-1 was to
provi de hands-on experience in spacecraft design and fabrication to college
students from caltech’s Summer Undergraduate Research Fellowship (SURF)
program The work of building the spacecraft was initiated in the sumer of
1987 by SURF students with the assistance of JPL engineers. Since then, nore
than 60 students have worked on SURFSAT-1.

SURFSAT-1 is the test vehicle for an X/ Ka link experinment as well as
Space Very Long Baseline Interferometry (SVLBI) experinments. The X/ Ka |ink
experinent uses X-band (8.478 GHz) and Ka-band (32.03 GHz) signals transmtted
from SURFSAT-1 in order to assess the Ka-band gain advantage over X-band. The
SVLBI experinents are conducted to test a new set of n-m DSN ground stations
being built to provide support for upconing international spacecraft, Russia's
RADIOASTRON at X-band and Japan’s VSOP at. Ku-band (14 GHz).

SURFSAT-1, the secondary payl oad to the RADARSAT satellite, was |aunched
on Novenber 4, 1995 aboard a Delta II 7920 |aunch vehicle. After separation
from RADARSAT, SURFSAT-1 was placed into a 936 kmaltitude by 1494 km al titude
Sun-synchronous orbit with an intended gravity gradient stabilized orientation
(nose nadir-pointed and not spinning). Its orbital period is about 1.5 hours.
SURFSAT-1 was commanded on and its signal initially acquired over Goldstone
during its third orbit at DSs-13.

SURFSAT-1, & passive satellite with no maneuver or telenetry capability,
consists of two sol ar-powered al unmi num bhoxes harnessed to the second stage of
the Delta 11 launch vehicle. Wthin the two boxes are transponders used to
generate the desired nmilliwatt level signals (X-band and Ka-band for the X Ka
box and Ku-band for the Ku box). The boxes also carry electronics that receive
conmands from the ground station to switch operational states and provide
regul ated power input fromthe solar panels nounted on the outside of each
box . Cylindrical waveguide antennas |ocated on corners of each box provide
over| appi ng hem spherical coverage at all three frequencies. One box contains
the X-band and Ka-band antennas nounted on opposite earth-facing corners. The
ot her box contains a Ku-band antenna mounted on one corner used for SVLBI
experiments. The X-band and Ka-band antennas radiate simultaneously at their



respective frequencies during periods when that box is conmanded on for the
X/ Ka link experinent.

The intended goal of the X/ Ka-band experinent is to quantify the
performance gain of KXa-band over X-band to a 0.-5 4B accuracy. The experinent
was intended to produce an accunul ated database of X and Ka-band signal
strengths and resulting link advantage over diverse weather conditions.
Initial challenges to realizing this goal included 1) having pointing predict
capability of sufficient accuracy to initially point the ground antenna well
within the X-band beam and 2) inplenenting a form of autotracking to correct
the ground station pointing using the Ka-band signal. The first challenge was
initially realized by generating predicts from specially requested Space
Command orbital el ement s. Later, two-way Doppler data wusing DSs-13's
transnmitter and SURFSAT-1‘s transponders produced highly accurate orbit
solutions which were used to generate pointing predicts to 10 millideg
accuracy. The second challenge was realized by inplenenting a form of
aut ot racki ng whi ch noves one of the BWG nirrors. The Dss-13 beam is scanned
in acircle about its predicted on-point center, and the anplitude information
is used to provide corrections to the true peak of the antenna beam These
corrections are then used to adjust the pointing of the nmain reflector to
about 3 millideg accuracy.

SURFSAT-1 data acquisition and analysis activities started shortly after
| aunch. Between Novenber 1995 and May 1996, a total of 161 tracking passes
were conducted at Dpss-13 and their signal strengths analyzed. The ground
station antenna tracks SURFSAT-1 as it noves across the sky during a pass.
Signal strength data are obtained fromtw Hew ett.-Packard Spectrum Anal yzers
(HPsA). The received frequencies from the Electronic Tone Tracker (ETT) are
converted to Surfsat-1’s tenperature which in turn are used in the signal
strength nmodel. Ground station Top measurenents are obtained from the TPR
Autotrack derived angle data from the antenna’'s pointing system and the
predicted pointing angles and range from Navigation are also utilized in the
anal ysi s processing.

The received signal strengths are conpared to a nodel which assumes a
specific orientation of the satellite as it noves across the sky. Included in
the nodel are 1) a tenperature dependent transmitted signal power signature
using the ETT frequency data and pre-flight curves, 2) the SURFSAT-1 antenna
patterns at the satellite’ s assuned orientation, 3) the space |oss correction
4) the atnospheric attenuation, and 5) the ground station gain.

After the initial challenges discussed above were net, the analysis
showed that the expected orientation nodel (roll-axis is nadir pointed and the
X/Ka box is facing into the direction of notion of the spacecraft) did not fit
the data. The nodel was upgraded to account for three degrees of freedom of
Surfsat-1‘s orientation, 1) rotation of satellite about roll axis, 2) rotation

of roll axis vector fromnadir-point, and 3) rotation (of roll axis’
projection in plane perpendicular to nadir direction) from velocity direction
vector. In addition, an inproved Ka-band antenna pattern nmodel was derived

from pre-flight antenna pattern measurenents

After these upgrades were inplenented, it was found that for single
passes W th sufficient SNR the data could be fit by one (or nore) orientation
nodels quite well. However, it was found that the single-pass derived nodels
did not fit the data from adjacent passes inplying that the orientation is
changing significantly.

The next challenges in the data analysis are resolving anbiguities
between different “optinunf nodel s over single passes and identifying the time
varying signature of the orientation angles between passes. The interpretation
and identification of the time varying signature of the orientation angles
over nultiple passes is difficult due to sparseness in the data sanpling. This
is because 1) SURFSAT-1 is visible only during 4 to 5 orbits per day with
sufficient duration, each track lasting only 10 to 20 minutes, 2) on the
average only about 6 passes per week are tracked, 3) in order to do orbit
determination with desired accuracy (required for pointing predicts), nuch of
the data are taken in two-way npde (two-way frequency data are coherent wth
the ground uplink and hence do not contain satellite tenperature information
required in the signal strength nodel), and 4) because of SURFSAT-1‘'s rocking
and rolling motion, nmuch of the time the satellite is in unfavorable
orientations to yield a sufficient quantity of data with sufficient signa
strengths at both bands.

Figs. 4 and & display the received signal strength and one “best-fit”




model for X-band and Ka-band, respectively. These data were acquired during
a track on May 6, 1996 when SURFSAT-1‘s antennas were favorably oriented with
respect to the station. The orientation nodel plotted is not the only one
which fits the small arc of data this well. It is anticipated that as nore
data from future passes (and other tracking sites) are acquired and anal yzed
and the rocking and rolling notion stabilizes (hopefully), orientation nodel
anmbi guities can be resolved and a unique time-dependent orientation nodel wll
result from further analysis. ‘I'he prinme mission is expected to last until
March 1996 when MGS KaBLE-11 is expected to start generating useful X Ka data.

4. FUTURE OBSERVATI ONS USI NG SPACECRAFT S| GNALS: KXaBLE~I11I

Anot her spacecraft with Ka-band capability, Mars d obal Surveyor (MGS)
is planned for a Novenber 1996 |aunch. MGS carries KaBLE-II, the continuation
of the Mars Qbserver (MO KaBLE experiment which ended in August 1993. X-band
and Ka-band signals will be received at Dss-13. The goals for KaBLE-II will
include data acquisition for the DSN‘s Ka-band systems planning and
denonstrati on. The DSN Ka-band inplenmentations for cassini and New M| ennium
can be tested with KaBLE-II's signals. During the ongoing data acquisition,
signal strength data at both X-band and Ka-band will be gathered under a wide
variety of weather conditions to quantify the X/ Ka |ink advantage.

Anmong KaBLE-~II‘s objectives will be acquisition of 2 kbps Ka-band
telemetry, Doppler and range data from a deep space link. The relative
performance of X and Ka-band telenetry over an extended period will be

quantified including during periods when MSS is angularly near the sun.

Because Ka-band signals pass nore easily through the Sun’s corona than do Xx-
band signals, Ka-band conmmunications should be nmore easily naintained during
solar conjunction. This is one expected advantage of Ka-band. Year round

statistics wll be collected on signal anplitude, phase, frequency and SNR
fluctuations as a function of station and atnospheric paranmeters. Range data
will also be acquired and analyzed at both bands as well as dual -frequency

rangi ng to quantify rangi ng performance. During superior conjunction in My
1998, the unnodulated carrier using the Utra-Stable Gscillator (uso) will be
used to gather statistics of the phase variations versus solar elongation
angl e.
J The KaBLE-II experiment on MGS represents a significant step beyond the
MO KaBLE experiment. The Ka-band signal will be stronger for two reasons. MSS
wi |l have higher transmtter power at Ka-band (1Wversus 25 mJ and the ka-
band signal will be fully illuninated by the 1.5 m High Gain Antenna (HGA)
(XKaBLE used the back side of the 28 cm subreflector to the HGA as the Ka-band
antenna) . Also the Ka-band signal frequency will be in the desired 32 Gz Ka-
band regi on rather than the 33.7 GHz used for MO KaBLE.

5. CONCLUSI ON

The KaAP antenna efficiency neasurenent analysis and prelimnary
SURFSAT-1 signal-strength nmeasurenent analysis using the Dss-13 R&D beam
waveguide (BWG) antenna have been discussed. Also a description of the
upcom ng KaBLE-II experinment aboard Mars G obal Surveyor was presented. These
ongoing efforts will add useful data for characterizing the |ink advantage of

K,-band over X- band.
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